The killing of bacterial cells by chemical agents may be considered as the resultant of a reaction between two systems, the cells and their suspending medium and the germicide and its solvent. The method for testing sanitizing agents proposed by Weber and Black (1948) allows evaluation, on the basis of the two systems, of factors such as ions present in the suspending or diluting medium, organic matter, time, temperature and the bacterial cell itself, that may influence the killing of the test organism. This method, therefore, was used in the experiments here reported.
The killing of bacterial cells by chemical agents may be considered as the resultant of a reaction between two systems, the cells and their suspending medium and the germicide and its solvent. The method for testing sanitizing agents proposed by Weber and Black (1948) allows evaluation, on the basis of the two systems, of factors such as ions present in the suspending or diluting medium, organic matter, time, temperature and the bacterial cell itself, that may influence the killing of the test organism. This method, therefore, was used in the experiments here reported.
MATERIALS AND METHODS
Briefly, the method consists of the preparation of the two systems, test cells and antibacterial agent, at twice the concentration at which they will be used in the test. Mixing of equal volumes of each system results in a "medication mixture" from which aliquots are removed at various intervals for determination of the number of cells surviving the various periods of exposure to the antibacterial agent. The number of cells exposed is determined by averaging plate counts on diluted aliquots of the stock suspension of cells at the start and end of the test.
The number of cells surviving exposure to the germicide is determined by diluting a 1-ml sample of the medication mixture with 9 ml of inactivator (2.222 g lecithin, 15.6 ml tween-80 per liter of M/4 phosphate buffer pH 7.2) and making pour plates of 1-ml portions of this and a further 1:10 dilution in tryptose glucose extract agar. Incubation is for 48 hours at 37 C. Killing of all the exposed cells is considered to have occurred when at least 99.9999 per cent of the inoculum has been made nonviable.
The effect of calcium and magnesium (hardness), iron, aluminum, natural waters, organic matter, the bacteria themselves, time and temperature on the killing action of the quaternary ammonium germicide, benzalkonium chloride, was studied. All bactericidal determinations were made at concentrations of 200 ppm (1:5000 dilution) of the germicide in duplicate at 20 C, except where the effect of temperature was investigated.
Synthetic hard water was prepared by dissolving 28.41 g CaCl2 and 12.99 g Mg Cl2-6H20 in 10 L distilled water. This stock solution, 3200 ppm hardness as CaCO3, was appropriately diluted to give the desired hardness. In determining the effect of organic matter a synthetic dirty water devised by Allport (personal communication) was used. This is based upon the analysis of water in which the eating utensils in an industrial canteen had been washed and consists of: NaCl 0.05 per cent; peptone 0.05 per cent; glucose 0.08 per cent; dried skimmed milk 0.05 per cent; corn starch 0.03 per cent; teaseed oil, 0.15 per cent.
The test culture, Escherichia coli # 1981 was maintained on the nutrient agar prescribed for this purpose in the United States Department of Agriculture circular (U.S.D.A., 1931) . In studying the susceptibility of the organism this medium was altered by substituting other peptones for the peptonum siccum called for in Circular 198.
Effect of calcium and magnesium. Hard water has been reported by Ridenour and Armbruster (1948) , Mueller and Seeley (1948) , and Seeley (1949) as adversely affecting the germicidal powers of quatemary ammonium compounds, the reduction in activity being roughly proportional to the hardness of the water used in the test. Several experiments, the results of which are presented in table 1, were conducted to determine what the effect of 450 ppm hardness on the germicidal action of benzalkonium chloride might be. In these experiments, the two systems comprising the reaction mixture were prepared with synthetic hard water, and the number of cells surviving exposure to the germicide for 30, 60 and 120 seconds determined. To obviate repetition of essentially identical results only three of the control tests have been included in the tabulation. It will be seen that in the control tests all the exposed cells were killed on exposure to 200 ppm of the germicide whereas among the eight tests carried out in the presence of 450 ppm hardness there were four in which less than 99.9999 per cent of the exposed cells were killed within 30 seconds' exposure. In these four tests, however, the number of cells per cc killed ranged from 75,488,220 (out of 75.5 million) to 167,149,285 (out of 167.15 million exposed). On two minutes' exposure all exposed cells were killed in every instance. These results clearly show that the effect of the calcium and magnesium ions necessary to produce the 450 ppm hardness is not a reduction in the germicidal property of the quaternary but a three-to fourfold prolongation of the time required to kill all of the exposed cells. In the above experiments, the harness was present in both of the two systems of the reaction mixture. A reaction mixture of any degree of hardness in which the hardness is confined to one of the systems (up to the time of mixing the two) may be prepared by using water of twice the desired final hardness for one system and an equal volume of distilled water for the other. By employing this procedure, it would be possible to demonstrate the effect of calcium and magnesium ions on the two systems of the reaction mixture.
Cell systems were prepared in water of 300 and 600 ppm hardness and in distilled water. Appropriate mixing of the systems resulted in reaction mixtures containing 330 ppm hardness, one having the hardness in the cell system, another in the germicide system and the third in both systems. Control tests were conducted in distilled water. The results of these experiments are presented in table 2.
It will be noted that where the germicide system contributed all of the hardness present in the reaction mixture, all of the exposed cells were killed on 30 seconds' exposure regardless of the hardness of the reaction mixture. However, wherever the cell system had been prepared in hard water, the number of cells surviving a two-minute exposure was large. These results show that the effect of Ca++ and Mg++ is exerted upon the cells, not upon the germicide. Furthermore, in view of the results of this and the previously mentioned experiments, the effect of Ca~-and Mg++ upon the cells is transient; increasing the period of exposure results in the killing of all the exposed cells.
Effect of iron. Mueller and Seeley (1948) and Seeley (1949) reported that iron exerted a deleterious effect upon the germicidal action of the quaternary ammonium compounds. The amounts of iron used by these authors, however, were large compared to the concentrations found in most municipal, or for that matter private, water supplies. Accordingly, the germicidal action of benzalkonium chloride was studied in the presence of more realistic concentrations of iron, although the concentrations employed were still in excess of those considered unobjectionable in a water supply.
The action of iron on each of the two systems of the reaction mixture was investigated by the addition of appropriate amounts of ferrous sulfate to the distilled water used in preparing them. The fact that the majority of the simple salts of iron are insoluble and those that are soluble are acid in reaction, complicates the evaluation of the effect of this ion on the germicidal action of benzalkonium chloride, particularly when it is remembered that the quaternary ammonium germicides are more active in an alkaline than acid menstruum. The acidity imparted to the reaction mixture by the ferrous sulfate was controlled, in one series of experiments, by the addition of 75 ppm bicarbonate to the distilled water used in preparation of the germicide system. In another series of experiments the reaction mixture was allowed to develop a pH dependent upon the concentration of ferrous sulfate present. The results of these experiments are given in table 3, and demonstrate that iron, at a concentration of 5 ppm or less and at pH 5 or above, shows no demonstrable effect upon the killing action of benzalkonium chloride for E. coli regardless of whether it be in the germicide or cell systems.
Water supplies containing iron usually possess some hardness. The concomitant effect of these three ions on the killing action of benzalkonium chloride was investigated in experiments employing water of 450 ppm hardness and various concentrations of iron in both Aluminum, in an alkaline environment, has no effect upon the germicidal action of benzalkonium chloride; in an acid menstruum, however, it markedly delays the killing action of the germicide. At pH 6.6 with no aluminum present, all cells were promptly killed by the benzalkonium chloride; at 6.7 in the presence of aluminum an insufficient number of the exposed cells were killed to permit the counting of those surviving the germicide.
Effect of natural waters. It should be borne in mind that the synthetic hard water used in the experiments herein reported did not, of necessity, contain those constituents and/or contaminants, some known, others not, that characterize a natural water; it resembled a natural hard water only in that it contained calcium and magnesium. To assay the effect of natural water upon the germicidal action of benzalkonium chloride a well water of 328 ppm hardness and Rensselaer tap water (56 ppm hardness) were used. The results of two tests on these waters are shown in table 6, where it will be seen that a delay in the killing of all the cells exposed to the germicide occurred with both waters, but the exposed cells were all killed on 3 minutes' exposure. Furthermore, the most pronounced delay, as measured by the number of cells surviving 30 seconds' exposure to the quaternary, occurred in the less hard Rensselaer tap water, demonstrating that the constituent causing the delay is not hardness. The nature of the interfering constituent (or contaminant) has not been identified. At 45 C organic matter had no effect upon the germicidal action of benzalkonium chloride, practically all the exposed cells being killed by 30 seconds' exposure to the quaternary. At 25 C, however, organic matter caused a prolongation of the time required for the killing of all the cells. This prolongation was most pronounced when the organic matter had been added to the germicide system, thus indicating that the action of organic matter is not on the cells, as is the case with calcium and magnesium ions and natural waters, but upon the germicide. Furthermore, the attenuating action of the organic matter can be negated by a temperature of 45 C. Effect of peptone. Those factors discussed above that influence the time required to kill all the cells exposed to benzalkonium chloride have been extrinsic, acting upon cells maintained as closely as possible in a constant (or "standard") condition by controlling the medium upon which they were grown and scrupulous adherence to the transfer and incubation routine prescribed in the Weber and Black procedure. Such organisms may be considered as possessing attributes conserved, if not induced, by the management they receive in the laboratory. Under certain specific conditions, the resistance of these cells to benzalkonium chloride, as shown by a prolongation of the time required to kill all of them, is one of the attributes of these cells.
It can be demonstrated that this attribute of relative resistance is induced by the medium upon which the cells are grown. This was done by preparing media that differed from that called for in the Weber and Black procedure only in the peptone used. Bactopeptone, casitone, neopeptone, phytone, polypeptone, proteose peptone, proteose peptone # 2, thiotone, tryptone, the peptones sold by British Drug House, Evans, Gurrs, Oxo, and, for comparison, peptonum siccum were employed. These media were inoculated with E. coli 198 grown on the medium routinely used for the production of the inoculum. The cells were harvested after 20 hours' incubation and their susceptibility determined by the Weber and Black procedure using 450 ppm synthetic hard water for the preparation of both the cell and germicide systems. The results obtained with these cells are presented in table 10, where it will be seen that media containing either casitone, phytone, polypeptone or the official peptonum siccum for Disinfectant Testing (U. S. D. A., 1931) produced cells of considerably greater resistance to the quaternary than did any of the other 10 peptones tested. The sensitivity of E. coli 198 (at least) is apparently a function of the medium upon which it is grown, increasing or decreasing depending upon the peptone used in the medium. This was illustrated in the following experiments. Ten consecutive transfers of E. coli 198 were made on medium containing bactopeptone except for the ninth, which was made on peptonum siccum medium. Cells from the first and eighth transfers were killed by exposure for one minute to 200 ppm benzalkonium chloride, whereas those from the ninth transfer required more than two minutes' exposure for the same result. Cells from the tenth transfer were as sensitive to the quaternary as those of the first or eighth.
DISCUSSION
The killing of bacterial cells by a chemical agent is herein considered as the resultant of the reactions between two systems: the cells and their suspending medium and the germicide and its diluent. Our results show that if the reaction mixture be composed of benzalkonium chloride, Escherichia coli 198 and distilled water, all (99.9999 per cent) the exposed cells are killed at a rapid rate (ca. 30 seconds), whereas if certain ions, especially calcium and magnesium, be present the time required for the germicide to kill all the exposed cells is increased to approximately three minutes. This would indicate that these ions are exerting some effect upon either the cells or the cationic quaternary. As far as the latter possibility is concerned, it is difficult to develop a concept wherein ions of like charge would react. One is thus lead to the assumption that the action of calcium and magnesium ions is upon the cell system, the validity of which assumption is demonstrated by the fact that E. coli 198 suspended in distilled water and exposed to benzalkonium chloride diluted in hard water are killed as promptly as when distilled water is used in both systems.
What the ultimate factor or factors that cause this delay in the killing of a relatively small portion of the bacteria exposed to benzalkonium chloride may be, remains unanswered. The experiments here reported clearly show that the peptone of the medium upon which the cells are grown determines whether or not calcium and magnesium ions will bring about a delay in the killing of all the exposed cells. It may be interesting but it is futile to speculate as to what factor or factors may be present or absent in those peptones that produce cells showing this phenomenon. The fact that a majority of the peptones tested produced cells that did not show the hard water effect, strikingly emphasizes this phenomenon as a special feature of a few peptones. It follows that the delay in the killing of all the cells exposed to benzalkonium chloride in the presence of calcium and magnesium ions should be regarded as an artifact encountered only in the laboratory where the cells have been grown on a medium containing a specific peptone. Were it not for the fact that the peptone specified in the FDA, and hence the Weber and Black method for testing of disinfectants, is one of those causing the delay in killing by benzalkonium chloride the retardant action of hard water would probably have escaped notice.
The apparent discrepancy between those evaluation studies showing a lack of prompt killing by benzalkonium chloride of all the exposed cells in hard water and those of Mallman et al. (1946) that showed a highly satisfactory performance in the field in hard water areas, disappears when one recognizes that the cells Mallman was killing with benzalkonium chloride were naturally occurring bacteria and not those propagated on a medium rendering them resistant to the killing action of the quaternary.
Whereas the effect of calcium and magnesium ions on benzalkonium chloride is nil, the action of organic matter, as represented by proteins and lipids, is marked. This is clearly demonstrated in the experiments with the Allport dirty water where preparation of the germicide system with dirty water has a more pronounced effect upon the rapidity with which the cells were killed than when the other system contained the organic matter.
Of the 3980 ppm solids of the Allport water 2680 are contributed by protein, starch and lipid. The molecules of the first two substances offer large surfaces for adsorption and, at least with the protein, possibility of chemical reaction with the quaternary; the lipid is capable of both adsorption and solution of the benzalkonium chloride whence it is held in the suspended fat droplets which tend to rise to the surface of the water. As a consequence of adsorption and/or solution, these molecules tend to shunt the germ cide from the bacteria exposed to it. The fact that benzialkonium chloride does kill the exposed cells under conditions militating against contact between it and the bacteria indicates a selective adsorption by them of the germicide, and a reduced but still effective residue of free germicide. A rough idea of the magnitude of this selective adsorption is given by the following: If one assumes the maximum weight of a living bacterial cell to be 1 X 10-mg (Lamanna and Mallette, 1953) In studying the effect of iron and aluminum the concentration used was selected as one representing an excess over that usually present in water supplies. At higher concentrations these ions prolong the time necessary to kill all the cells exposed to benzalkonium chloride. Whether this effect is due to the acidity of the salt supplying the ion or to the ion itself is more 
SUMMARY
Calcium and magnesium, iron, aluminum, certain natural waters and organic matter have been reported in the literature to adversely affect the germicidal action of quaternary ammonium compounds. In the experiments herein reported the effect of these substances has been measured in terms of the time required to kill all (99.9999 per cent) the organisms exposed to 200 ppm benzalkonium chloride at 25 C in their presence.
Under certain conditions calcium and magnesium ions (hard water) cause a prolongation in the time necessary to kill all the exposed cells. This prolongation is, however, an artifact, its occurrence depending upon the peptone used for the production of the cells. Of 14 peptones tested only 4 produced cells showing this effect. The action of calcium and magnesium ions in producing this effect is on the cells.
Organic matter acts upon the germicide to cause a prolongation in the time required to kill all the exposed cells. The effect of organic matter can be negated by increasing the temperature at which the cells are exposed to the germicide from 25 to 45 C.
Independent of hardness, certain natural waters bring about a prolongation in the time required to kill all the exposed organisms. This increase is not, however, great. The constituent or contaminant of these waters causing the prolongation is unknown.
Iron in a concentration of 5 ppm or less has no effect upon the germicidal action of benzalkonium chloride. Aluminum at the same concentration also has no effect in an alkaline medium. At an acid pH, however, this ion acts upon the cells to produce a prolongation in the time necessary to kill all the exposed cells.
